Isolation and characterization of rare cells and molecules from a heterogeneous population is of critical importance in diagnosis of common lethal diseases such as malaria, tuberculosis, HIV, and cancer. For the developing world, point-of-care (POC) diagnostics design must account for limited funds, modest public health infrastructure, and low power availability. To address these challenges, here we integrate microfluidics, electronics, and inkjet printing to build an ultra-low-cost, rapid, and miniaturized lab-ona-chip (LOC) platform. This platform can perform label-free and rapid single-cell capture, efficient cellular manipulation, rare-cell isolation, selective analytical separation of biological species, sorting, concentration, positioning, enumeration, and characterization. The miniaturized format allows for small sample and reagent volumes. By keeping the electronics separate from microfluidic chips, the former can be reused and device lifetime is extended. Perhaps most notably, the device manufacturing is significantly less expensive, timeconsuming, and complex than traditional LOC platforms, requiring only an inkjet printer rather than skilled personnel and clean-room facilities. Production only takes 20 min (vs. up to weeks) and $0.01-an unprecedented cost in clinical diagnostics. The platform works based on intrinsic physical characteristics of biomolecules (e.g., size and polarizability). We demonstrate biomedical applications and verify cell viability in our platform, whose multiplexing and integration of numerous steps and external analyses enhance its application in the clinic, including by nonspecialists. Through its massive cost reduction and usability we anticipate that our platform will enable greater access to diagnostic facilities in developed countries as well as POC diagnostics in resource-poor and developing countries.
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lab on a chip | point of care | diagnostics | nanoparticles | microfluidics E nabling early detection of diseases is one of the greatest opportunities we have for developing treatments and prevention strategies as well as reducing the costs of healthcare. In particular, the detection of rare or low-abundance cells and molecules of interest from a heterogeneous population is of critical importance in the diagnosis of several lethal diseases, such as malaria (1) , tuberculosis, cancer (2) , and HIV (3). This procedure requires rapid and accurate separation and sorting of target cell types toward an analyzer platform, which are traditionally performed through analyses such as membrane filtration (4), centrifugation method (5), FACS (6) , and magnetic activated cell sorting (MACS) (7) . Although all these methods are powerful techniques, most require bulky equipment, high costs, and highly trained personnel, and cannot simultaneously achieve high throughput and resolution, speed, and low cost (8) . One of the key challenges for most of these techniques is the requirement for labeling, the attachment of any foreign molecule to the molecule of interest, to increase detection sensitivity. Labeling strategies are usually low-yield and may include lengthy synthesis and purification steps that can potentially alter intrinsic properties of cells. To address these limitations, lab-on-a-chip (LOC) devices have been widely developed over the last 10-15 y (9, 10); these devices integrate and automate multiple laboratory protocols into a miniature device that employs microfluidic technology to handle small sample volumes on the order of microliters to nanoliters (11) . The majority of LOC devices can therefore be used for clinical assays (9) to perform a variety of tasks, including single-cell analysis (12) , rare-cell isolation (13) , sample preparation, pretreatment or preconcentration (14, 15, 16) , purification (17) , fractionation (18) , drug screening (19, 20) , enrichment of rare cells and molecules (21, 22) , target cells of interest manipulation (23) (24) (25) (26) , positioning (27) , counting and characterizing (28) (29) (30) , DNA analysis (14) , protein detection (31) , environmental monitoring (32) , and the detection of biohazards (33) . Among different techniques, the family of electrokinetic phenomena (e.g., electrophoresis, electroosmosis, diffusiophoresis, and capillary osmosis) (34) , is perfectly suitable and the most widely used concept in LOC devices for the applications mentioned above. This is due to the multipurpose nature of the electric field and the precise controllability of its direction, amplitude, and frequency for specific analyte response in fluids (35, 36) . Analytes (bioparticles) of interest range from cancer cells, white blood cells, red blood cells, and platelets to bacteria, microorganisms, proteins, and DNA molecules. In these LOC devices interaction of an applied nonuniform Significance Point-of-care diagnostics in the developing world and resourcelimited areas require numerous special design considerations to provide effective early detection of disease. Of particular need for these contexts are diagnostic technologies featuring low costs, ease of use, and broad applicability. Here we present a nanoparticle-inkjet-printable microfluidics-based platform that fulfills these criteria and that we expect to significantly reduce the footprint, complexity, and cost of clinical diagnostics. This reusable $0.01 platform is miniaturized to handle small sample volumes and can perform numerous analyses. It can perform complex, minimally invasive analyses of single cells without specialized equipment and personnel. This inexpensive, accessible platform has broad applications in precision diagnostics and is a step toward the democratization of medical technologies.
electric field with the induced effective dipole moment of the bioparticle enables selective and label-free manipulation as well as analytical separation, sorting, and capturing of bioparticles of interest within a medium based on their intrinsic physical characteristics, including size, shape, deformability, density, polarizability, and more (6, 37) . These devices are often subsets of microelectromechanical systems devices that are constructed by nanotechnology/ microtechnology, often referred to as "micro total analysis systems," or μTAS. Electronic apparatus integration of such μTAS platforms often requires access to a clean room, sophisticated equipment, and highly trained personnel to perform several time-consuming and relatively expensive micro/nano manufacturing procedures (e.g. lithography, oxidation, etching, and thin film depositions). This entire procedure can take several days or weeks (38) . These limitations add significant time, cost, and complexity to such devices, which hinders not only their mass production but also their point-of-care (POC) diagnostic applications. In addition, LOC-based POC devices are usually not fully integrated (i.e., they are incapable of performing all processes for assays such as cell manipulation, analytical separation, capturing, and analysis), which would be a very useful feature for improving the accessibility of miniaturized, low-cost clinical assays. According to the National Institutes of Health (39) , almost 90% of people with infectious diseases, such as HIV, live in the developing world. Given the limited resources and access to medical technologies, the potential impact that inexpensive, multifunctional LOC devices could have on public health is perhaps the greatest in the developing world (40) . For instance, according to the World Health Organization, breast cancer mortality (the most prevalent cancer in women worldwide) is increasing, particularly in developing countries; 58% of the deaths from this cancer occur in developing countries due to the lack of early detection programs. As another consequence of inferior access to diagnostics, the survival rates of breast cancer patients are as high as 80% in developed nations but are only 40% in low-income nations (41) . These circumstances underscore the need for affordable POC diagnostics in developing and low-income nations to facilitate early diagnosis and improve survival rates. Consequently, the design of diagnostic platforms should incorporate considerations of limited funding, modest public health infrastructure, low power consumption, and challenging environmental conditions for transportation and storage (42) . In other words, for LOCbased diagnostics to have an impact on global health the platforms must be rapid, sensitive, specific, robust, user-friendly, and, most importantly, affordable with minimal equipment and deliverable to end users (43, 44) . To achieve the necessary cost and equipment reductions for a widely accessible POC test it is important to achieve full integration of all steps in a diagnostic assay while eliminating much of the manufacturing costs.
To remove some of the barriers described above, we combined microfluidics, electronics, and inkjet printing technologies to develop an ultra-low-cost microfluidic-based miniaturized LOC platform. This rapid, high-throughput, and label-free platform is made of reusable and flexible inkjet-nanoparticle-printed (FINP) electronic apparatuses and disposable microfluidic biochips, called FINP biochips. A unit of ready-to-use platform costs about $0.01 and its production time is approximately 20 min.
Results and Discussion
Platform Capabilities. The FINP platform described herein is designed to perform multiple functions, including label-free single bioparticle trapping; label-free single-cell quantification and enumeration through impedance microcytometry; and highspeed and label-free cellular manipulation, concentration, sorting, patterning, and selective analytical separation and isolation of the cells of interest. The final cost for a unit of ready-to-use platform is lower than that of separate individual exciting platforms developed for each of the above applications. It includes both conventional nonmicrofluidics-based techniques (e.g., FACS) (6) and MACS (7), as well as micro/nanofabricated LOC platforms. Our approach to fabricate electronic apertures of this LOC platform not only fully eliminates the traditional need of using cleanroom facilities, as well as costly and time-consuming manufacturing procedures, but also only involves two steps: (i) drawing any required electronic aperture configurations (e.g., circular configuration) using any open-source vector-drawing software and (ii) integrating the drawn electronic patterns with a desired resolution (e.g., ∼20 μm) around conductive nanoparticles on a flexible substrate through a low-cost and rapid inkjet printing technology easily applied by any end user. In addition, a variety of electronic aperture configurations can be easily redesigned and integrated ad infinitum at no additional cost. This is extremely useful and important in many fields [e.g., tissue engineering (45)] and is not an easy option in traditional microfabrication procedures. As another important advantage, the time to produce such devices is cut from weeks/days to approximately 20 min; production is achievable by end users, which allows high-throughput mass production. In contrast to the reusable electronic apertures, the microfluidic blocks of this platform are designed as disposable microfluidic biochips to remove the need for storage or transport to a medical facility for sterilization. These noninvasive microfluidic biochips are made of inexpensive polymers by rapid, direct prototyping through a simple and fast procedure. Taking overall costs into consideration for the proposed LOC platform, a unit of ready-to-use FINP device can be manufactured for the cost of about one cent. As another important feature of this platform, all processed samples through our device can be recollected from each distinct chamber for further studies of individual cells, which is essential for complete end-to-end diagnostics. The platform is designed as a contactless platform, where the electronic apparatuses are not in contact with the biological samples. This eliminates the possibility of bubble formation, fouling, and cross-contamination of the chip, all of which are common issues in most current microfluidics-based LOC cell manipulators (3, 46) . Lifetime, as another important feature of any POC platform, is improved in our device by designing the flexible electronic apparatus as detachable components from the disposable microfluidic biochips. It enables unlimited reuse of the chips simply by replacing the disposable microfluidic biochips. This is in contrast to most developed microfluidics-based cell manipulators (47) and single-cell impedance microcytometers in which any residue left from previous tests is detrimental to device lifetime, accuracy, and reliability. The only solution for these devices is to replace the chips or to require elaborate costly and time-consuming cleaning procedures that may not be possible on the consumer end. Finally, we have successfully implemented our FINP platform and demonstrated its utility to electrically and label-free perform (no labeling or using any external tags) a variety of individual functions including single-particle capture, cell manipulation, rare-cell isolation, selective analytical separation, sorting, concentrating, aligning, positioning, and patterning as well as quantification, enumeration, and characterization. We also conducted viability and proliferation tests to verify that our device is entirely safe for cells by regrowing the cells and analyzing their growth rate. We believe this multifunctional, rapid, ultra-low-cost, miniaturized, label-free, efficient, and highthroughput LOC platform that we introduce here is expected to effectively minimize the footprint, complexity, and cost of clinical diagnostics by implementing a solution for facilitating consumer-end diagnostic facilities in developed countries as well as POC diagnostic applications in resource poor and developing countries.
Platform Design and Integration. Our FINP chip is designed as a layered stack of (i) multiple-outlines inkjet-printed reusable electronic apparatuses made of conductive nanoparticles on a flexible microporous polyethylene terephthalate (PET) substrate, (ii) disposable microfluidic biochips made of polydimethylsiloxane (PDMS), and (iii) a disposable thin insulating barrier to insulate disposable microfluidic biochip from the electronic apparatuses ( Fig. 1 A, B, D, and F) . The chip has individual contactless cell micromanipulator chambers for label-free selective analytical cell separation, label-free and rapid cell concentration, sorting, patterning, electroorientation cell immobilization, and multiplex singlecell trapping functions (Fig. 1E ). In addition, miniaturized and contactless single-cell impedance microcytometer chambers are implemented as sensing stages of our platform to perform labelfree, real-time, and rapid single-cell morphology discrimination, detection, enumeration, and analysis. Although all these chambers might not be necessary for a certain application, we designed and validated all of the chambers individually and nonsimultaneously to demonstrate the utility of our platform. Manipulating the motion of bioparticles in micromanipulator chambers of our platform is achieved by polarizing and forming dipole moments within a medium in response to an induced nonuniform electric field (37) . This results a force (Fig. 1C) on the bioparticles known as the dielectrophoresis (DEP) force (F DEP ). DEP is extensively studied in the literature (48, 49) and briefly is modeled using three main equations (SI Materials and Methods). In these equations, the Clausius-Mossotti (CM) factor shows the effective polarizability of a bioparticle, where its magnitude determines the strength of the polarization effect and its sign determines the direction of the particle motion, which changes at the particle's cross-over frequency. A positive CM factor indicates a positive force that pulls the particle toward the global or local regions with the highest electric field gradient, whereas a negative CM factor or negative force pulls particles toward the regions with the lowest gradient. The DEP force directly depends on the nonuniform electric field gradient (Eq. S1). Consequently, the effectiveness of DEP-based devices strongly depends on the geometry and configuration of electronic apertures producing the electric field distribution. For instance, interdigitated configurations are popular for bioparticle separation as well as single-cell capture (50), because they provide multiple field maxima and minima with a range of magnitudes, ideal for particle manipulation. Quadrupole configurations are popular for cell patterning in tissue engineering to form an inner defined area (27) . As a result, according to the function assigned to each chamber, different electronic aperture configurations are used in our FINP platform. In our sensing stages, impedance microcytometer extensions, enumeration, and identification of individual bioparticles is on the basis of differences in size and dielectric properties by constant monitoring of the modulated impedance across a focusing micropore located in the microfluidic biochip. Passage of individual cells modulates the alternating electric current, giving impedance-based characterization of cells.
Platform Validation. To implement the multiple intended functions of our LOC device we designed and tested a variety of electronic aperture configurations for each chamber (e.g., interdigitated configuration and focusing configuration). Numerical simulations were also performed for individual configurations using finite element analysis software (COMSOL Multiphysics; COMSOL Inc.). As an initial validation of our platform design and performance, we used different-sized (5-μm and 10-μm) polystyrene microspheres coated with streptavidin (PMS microspheres) as particle models (Fig. 2) . These particles were chosen due to their spherical shape and size similarity to the cells used in later experiments. We optimized the chip configuration parameters (e.g., electronic apertures and microfluidic channels dimensions). A series of experiments were performed using 10-μm PMS microspheres to better understand the effect of influential factors on different assigned functions (Fig. 2) . As shown in Fig 2  B and C, the effects of various input signal voltages and various excitation input signal frequencies on the velocity and experienced DEP force by the PMS microspheres were experimentally computed (SI Materials and Methods). Furthermore, the influence of higher flow rates (i.e., 0.5 μL·min −1 and 1 μL·min ) on the device capturing efficiency, defined as the ratio of captured target particles at objective locations to their corresponding number in the initial sample, is shown in Fig. 2D . An approximate 5-10% drop in capturing efficiency was observed due to the higher domination of hydrodynamic force under higher flow rates. In addition, expected DEP forces on cells predicted by our models were experimentally validated (Fig. 2E) . Our validation samples included the DAPI-stained breast adenocarcinoma (MDA- (52) . The cell line MDA-MB-231 was chosen for these studies because breast cancer is the most prevalent cancer in women worldwide and the ability to distinguish rare circulating tumor cells (CTCs) can advance the understanding of cancer metastasis to better treat cancer patients, especially in developing countries. Yeast cells were chosen because of their frequent use as a model organism for studying cell responses, due to their simple and representative structure.
Multiplex Single-Bioparticle Trapping Chambers. Selective trapping of individual cells (e.g., CTCs) at specific locations is essential for single-cell studies, especially those requiring downstream analysis of cellular content. To add this capability to our platform we designed an array of contactless single-bioparticle dielectrophoretic-traps. These arrays use dielectrophoretic forces to specified bioparticles (e.g., cells) and hold them in well-defined microregions. Such a platform has wide applications in cell engineering (e.g., genome editing), evaluation of chemotherapeutic reagents for cancer therapy, analysis of apoptosis, drug testing, and other phenotypic assays at the single-cell level (53) . The designed multiplex single-bioparticle trapping chambers consist of an array of facing electrodes configuration (Fig. 3) , with the dimensions of 150-μm width and 100-μm gaps along the arms between electrodes, for efficient and reliable bioparticle trapping. Intact individual single particles, experiencing negative DEP (nDEP), are trapped in defined multiplexed electrical filed (potential well) cages at the center of the electrode array, without the need for surface modification, labeling, or robotic equipment. Electric fields were modeled for our designed structure using finite element analysis software (COMSOL Multiphysics; COMSOL Inc.), in which the designed configuration has multiple welldefined regions of electrical field minima at the centers of the traps (3.7 × 10 3 V/m) that isolate and trap single bioparticles experiencing nDEP. Fig. 3B shows a plot of electric field across the center of the electrodes at a height of 1 μm above the electrodes (at V rms = 106 V) showing the field variation in the x-y plane (a-a′), and Fig. 3C shows a 3D plot of the electric field gradient of this configuration. The approximate minimum particle radius (r) for stable trapping in our designed array was also calculated to be ∼291 nm using the equation below (54):
where Δd is a small region over which force (namely the field gradient) is constant, k is the Boltzmann's constant, ∇E 2 is the electric field gradient, and T is the temperature.
These simulation data were validated experimentally using 10-μm streptavidin-coated PMS microspheres as a model study. A suspension of PMS microspheres suspension was injected into the microfluidic channel and single bioparticles trapped at defined electrical field cages, where an input signal of 106 V rms at 1 MHz was applied to the electrodes array. Fig. 3D shows an optical image of two of PMS microspheres trapped in electrical field cages at the center of the electrodes array under nDEP forces. Single trapped particles were confined into well defined microregions of electric filed cages. In addition, once trapped, a particle was isolated in the electric filed minimum and no further particles were observed to collect. One should note that the designed traps are individually controllable and suitable for arrayed operation.
Cell Viability and Genetic Transformation. Next, we sought to verify the viability of cells in our platform. We investigated this by reculturing yeast cells (BY4741) after transformation of exogenous DNA into the cells in our platform or using standard benchtop transformation as a control (Materials and Methods). Yeast cells were first concentrated and patterned among the gaps in an interdigitated shape array of electronic aperture before the addition of exogenous DNA and transformation buffers. After several incubation steps of the mixture at the required temperatures we counted the number of colonies after 2 d. Our platform yielded ∼1.5-fold greater transformation efficiency than the traditional benchtop protocol ( Fig. 2G; 679 colonies vs. 412 ). This increased efficiency may be due to an increased interacting interface (surface area) between the cells and DNA facilitated by the device's cell-patterning function (55) . These results thus establish not only the viability of cells upon exposure to an a.c. field in our platform but also the potential for using our platform for high-throughput, high-efficiency, miniaturized genetic transformation of cells. cells, and streptavidin-coated PMS microspheres (10 μm). These bioparticles have different polarization properties and their CM factor numerical modeling ( Fig. 2A) shows that each bioparticle type has its own unique cross-over frequency between 1 kHz and 1 MHz. These indicate a good separation resolution, defined as the minimum size difference in bioparticles that are still separable with high efficiency. In these experiments, our contactless disposable microfluidic biochip has two microseparator chambers. The structure of an individual microseparator chamber is shown in Fig. 4A , which consists of three distinct arms (100-μm width and 80-μm height), including a main channel and two side branches. As shown in Fig. 4A , optimized electronic apertures used in these microseparator chambers were interdigitated electrodes (150-μm width and 100-μm gap). These electrodes were placed in the side branches of the first separator chamber and in the main channel of the second microseparator chamber, under the microfluidic biochip, aligned with the main flow channel. The electronic apertures were physically separated from the microfluidic biochip and biological sample to prevent the possibility of bubble formation, fouling, and the cross-contamination of the chip. The integrated configuration allowed separated target bioparticles to flow toward the side arms, as a result of DEP force, whereas the rest of mixture flows through the main middle channel of microseparators. Sine waves of alternating voltage (a.c.) signals (V rms = 106 V at f = 1 MHz, at the first microseparator chamber, and at f = 10 kHz at the second microseparator chamber, chosen according to the CM factor modeling) were applied across the electrodes. Applied voltage to the electrodes induced electric field gradient minima (7.757 × 10 3 V/m) at the side arms of the first microseparator chamber (middle arm of the second separator chamber) and electric field maxima (3.8 × 10 5 V/m) at the middle arm of the first microseparator chamber (side arms of the second microseparator chamber), according to our numerical finite element modeling (Fig. 4 B-D) . This configuration exerts negative DEP force on the PMS microspheres flowing over the electrodes in microchannel of the first microseparator chamber, which directs them toward the side branches. Fig. 4E shows an image of the particle mixture in the first microseparator chamber, where the PMS microspheres experiencing nDEP were deviated toward the side branches. Meanwhile, the breast adenocarcinoma (MDA-MB-231) cell line and the yeast cells experiencing positive DEP (pDEP) maintained their path in the main channel and were then transported into the second microseparator chamber. In the second microseparator chamber, breast adenocarcinoma cells (MDA-MB-231) were pushed toward the side channels, indicating a strong pDEP response, whereas yeast cells were pulled toward the middle channel, indicating a strong nDEP response at a new frequency. For these experiments, the input signal amplitude was chosen to provide sufficient DEP force against the hydrodynamic force (f h ), deriving to have the resulting net force on the particles (f net =f h+f DEP) in the desired direction. It should be noted that because our nanoparticles-based, inkjet-printed electrodes have a porous and coarse surface they provide an even stronger nonuniform electric field than smooth metal electrodes. This improves the DEP forces imposed on particles and results in enhanced separation efficiency. To quantitatively evaluate separating performance, the collection efficiency and purity of isolated bioparticles at outlets were calculated. We calculated separation efficiency (enrichment factor) as (n c /n t ) × 100%, where n c is the number of correctly separated target bioparticles and n t is the initial number of bioparticles in starting samples. The results indicate separation efficiency of 79, 88, and 86% for the breast adenocarcinoma cell, yeast cells, and PMS microspheres, respectively (Fig. 2F) .
Marker-Free Concentration and Enrichment of Rare Cells. Increasing cell concentration and reducing the sample volume in a preconcentration stage can noticeably improve natural limitations (e.g., analytical parameters such as sensitivity and the detection limit of biosensors) and the performance of biosensing systems, which are crucial factors for reliable detection of particular cells or metabolites (56) in complex samples (57) . For example, the concentration of CTCs in peripheral blood is prognostic of metastatic disease in breast (54), prostate, colon (58) , and other tumor types (59, 60) . We used marker-free human breast adenocarcinoma cells (MDA-MB-231 cells) as a model of CTCs in which they were rapidly concentrated and collected in contactless DEP-based concentrating microchambers of the device. At the microconcentrator chambers, the polarities of the applied voltages and the microconcentrator electronic aperture configurations (i.e., focusing electrodes) precisely define the locations where the target cells are to be relocated and concentrated ( Fig.  5 A and E). Numerical finite element modeling of inner electric field gradient of Fig. 5A is shown in Fig. 5B , in which the electric field maxima is the defined concentrating location. Experimentally, the onset of cell concentration from breast cancer adenocarcinoma MDA-MB-231 cells occurred at voltages of 106 V rms when a frequency of 1 MHz was applied. Breast adenocarcinoma cells (MDA-MB-231), displaying a strong positive DEP response at this frequency, were rapidly (<6 s) pulled toward the defined electric field gradient maxima (3.37 × 10 5 V/m) and concentrated effectively (Fig. 5 C and F) . To visualize these effects, we superimposed the cell trajectories in two different trap models onto color images (Fig.  5 D and G) , in which cell trajectories (red) toward the defined concentrating positions (blue) are shown. These concentrated cells can be ultimately recollected from each chamber independently for further downstream analysis, including nucleic acid extraction, purification, and sequencing (48).
Label-Free and Real-Time Single-Cell Quantification and Enumeration in Impedance Microcytometer. Diagnosing infectious diseases in the developing world, such as tuberculosis and malaria, is often performed with tests that count lymphocytes (1) and monocytes (61), respectively. These efforts would benefit greatly from a lower-cost and disposable diagnostic platform capable of rapidly and accurately counting cell types of interest. The conventional method using flow cytometry, using an instrument such as the Beckman-Coulter FC500, requires an up-front cost of $100,000 as well as operator training and expertise in a clinical setting.
This detection and characterization of single cells by our microcytometer is performed on the basis of differences in size and dielectric properties using impedance spectroscopy as a realtime and label-free electrical technique. Other published designs of impedance cytometers (1, (61) (62) (63) (64) have not endeavored to reduce costs or to integrate them with other LOC analysis modules, which has limited their use for POC diagnostics in limited resource settings. Our high-throughput, ultra-low-cost, and label-free version of the classic Coulter counter constantly monitors and measures the a.c. electrical properties of particles in suspension passing through a focusing micropore (40 μm) designed in our disposable microfluidic biochip. The focusing micropore of this microfluidic biochip is precisely aligned above two pairs of nanoparticle inkjet-printed coplanar electrodes, in a contactless format. The measured impedance level (ΔR) is modulated by the passing individual bioparticles (e.g., cells) that temporary block the focusing micropore and create a barrier to the current flow (Fig. 6  A, C, and D) . This results in a modulation of the alternating electric current, ΔI, expressed as
where ΔI is the alternating electric current, R is the series resistance of microfluidic channel and pore, ΔR is impedance variation, C ins is the thin film insulator layer capacitance between each electrode and carrying fluids, and ω is the angular frequency of the applied a.c. field. The sensitivity and accuracy of our miniaturized microcytometer is further improved by maintaining the same position and the same orientation for each bioparticle while passing through the sensing region (i.e., focusing micropore). We achieved this by designing a pair of dielectrophoretic focusing/electro-orientating electrodes (150-μm width and 80-μm gap) to focus the bioparticles toward the midline of the flow direction (Fig. 6A ) before they reach the sensing zone. To examine the utility of our impedance microcytometer chamber, we quantified and enumerated streptavidin-coated PMS microspheres suspended in PBS. According to our experiments, we determined the operational conditions to be at f = 900 kH (coplanar electrodes excited with a 12-V a.c. signal), where all interfacial parasitic capacitance at the surface of the electrodes (Fig. 6C) are bypassed, and the measured signal depends only on the channel resistance term (SI Materials and Methods) of Eq. 2, (ΔR=R). At these running conditions, current signals were simultaneously recorded in real time while PMS microspheres passed through the sensing position. Using an optical microscope, particle passage was simultaneously monitored and verified optically (Fig. 6B) . Fig. 6E shows the representative experimental data for the passage of six PMS microspheres, where all of the peaks measured by our cytometer corresponded to the actual passage of individual PMS microspheres through the pore. According to our measurements the passage of each detected single PMS microsphere through the pore resulted in a signal-to-noise-ratio of at least 2.5 dB, which indicates that our platform is capable of effective quantification of bioparticles (e.g., cells).
In summary, we have combined inkjet-printing technology with electronics and microfluidic technologies to develop an ultra-lowcost, miniaturized, contactless, and reusable LOC platform. To the best of our knowledge, such a platform with similar functionalities, cost and advantages has not yet been reported. Using label-free electrical detection, our platform is capable of integrating not only standard LOC protocols but also multiple analyses of biological samples, including the capture, sorting, and isolation of various bioparticles of interest. We demonstrate that the operation of our FINP platform is not detrimental to cell viability or proliferation. Notably, it is straightforward to adapt our platform for a variety of bioparticles and cells with differing sizes and properties, simply by varying the configuration of the electronic apertures and reoptimize it for the cells of interest. New tailored printable electronic apertures then can be accessible by an end user. In addition, manufacturing the device is significantly less expensive, timeconsuming, and complex than traditional LOC platforms and does not require skilled personnel and clean-room facilities. Device production only takes 20 min and $0.01, which is an unprecedented cost in clinical diagnostics. Although our current version of the platform employs commercial syringe pumps to control the fluid flow, we are confident based on work from other groups (65) that our design can be adapted to a hand-held format with a disposable biochip and reusable electronic apertures. The miniaturized format allows for robust and rapid results from small sample volumes, addressing potential issues of sample abundance and urgency in POC applications. We believe this multifunctional and ultra-low-cost FINP platform that we introduce here is an important step toward minimizing the footprint, complexity, and cost of clinical diagnostics. In doing so, we are hopeful that this work will enable greater individual access to diagnostic facilities in developed countries as well as POC diagnostic applications in resource-poor and developing countries.
Materials and Methods
Cell Viability Examination and Transformation. The commercially available Frozen-EZ Yeast Transformation II Kit from Zymo Research was used for transformation procedures. First, 20 μL of yeast cells (BY4741), suspended in a low-conductivity medium with a measured conductivity of σ = 3 μS/m, was injected into a disposable microfluidic well (used instead of microfluidic channels for ease of use), bound on a disposable thin insolating barrier (100 μm thick), was placed on an inkjet-printed electronic apparatus (interdigitated configuration). Then, 1 μL of plasmid DNA (pRS416) was added to the concentrated yeast cells in potential traps defined by the interdigitated configuration (at V rms = 106 V, f = 1 MHz), which was followed by addition of 20 μL of buffer 3 from the kit to the system. After incubation of the mixture at 30°C for 45 min, the transformation mixture was spread on synthetic complete -ura plates and incubated at 30°C for 2 d. The control transformation experiment was performed using a standard polypropylene tubing method to compare the efficiencies. The same protocol and identical quantities of samples were used in both cases, but in the bench-top protocol the yeast cells and buffer 3 and plasmid DNA were mixed directly before transferring to the polypropylene tube. After 2 d, the efficiencies of the transformation methods were estimated by counting the number of grown yeast cell colonies.
Cell Culture. MDA-MB-231 cells were cultured in DMEM supplemented with 10% (vol/vol) FBS and 100 units·mL −1 penicillin-streptomycin (Invitrogen Corp.). The cells were grown at 37°C and 5% CO 2 in a humidified atmosphere.
Fabrication of Electronic Apertures. Silver nanoparticles ink was obtained from Mitsubishi Paper Mills. The ink is a colloidal solution of silver nanoparticles, ethylene glycol, ethanol, and isopropyl alcohol. The distribution of silver nanoparticle diameters is centered at 20 nm. The adherence and subsequent conductivity of the silver nanoparticle suspension is enhanced with a microporous coating on top of the desired print media (i.e., flexible microporous PET) substrate. Posts printing the electrodes were immediately conductive and ready for experimental use.
Microfluidic Biochips. Disposable microfluidic biochips were fabricated by mixing PDMS prepolymer and curing agents at a ratio of 10:1 and then casting the mixture on premade molds. This was followed by degassing in a vacuum and curing in an oven for ∼2 h at 80°C. PDMS channels were then cut and peeled off from the molds and reservoir holes were punched at the designed locations. The microfluidic channels then were bonded on this insulating barrier after 10 s of plasma treatment to form the final biochip.
Modeling and Simulation Results. Numerical finite element modeling was performed using COMSOL Multiphysics (COMSOL Inc.), using similar or exact parameters used for each individual experiment. The three-shield model results were analyzed with in-house-developed MATLAB code, MATLAB (R2010b; The MathWorks Inc.).
Experimental Systems for Microfluidics. Disposable microfluidic biochips are made of PDMS. The impedance microcytometer branches are 150 μm wide and taper down to a smaller 40-μm-wide-diameter pore.
Electronics. A standard low-cost consumer-grade inkjet printer (Epson 300) was used to print electronic apertures. For the impedance microcytometer, an impedance spectroscope (ziControl software of the HF2IS; Zurich Instruments) and a transimpedance amplifier (Zurich Instruments HF2TA) were used to excite the coplanar electrodes (12 V a.c. voltage at f = 900 kHz) and monitor the real-time variation in output signal due to passage of the PMS microspheres. The function generator used was a 20-MHz Agilent Keysight 33220A, and the hf amplifier was a TREK model 2100HF piezo amplifier.
Thin Film Insulator. Standard cover glasses with a thickness of 80-130 μm were used as thin isolative barriers. Cover glass bottom sides were coated with mineral oil for better contact with electronic apertures.
Syringe Pumps. All buffer exchanges were performed by manual withdrawal, and flow was applied by controlled withdrawal using a Harvard Apparatus Pump 11 Elite syringe pump. Flow rates varied from 0.07 μL/min to 1 μL/min depending on the experiment.
Media. PBS with σ = 1.6 S·m −1 (e r = 80) and diluted PBS with a conductivity of 3 μS/m were used for the experiments.
Bioparticles. Yeast cells (BY4741), breast adenocarcinoma (MDA-MB-231) cell lines, and 10-μm and 5-μm polyethylene beads (Cospheric LLC) coated with streptavidin were used for these experiments.
